The metallicity of star forming gas in galaxies from the Eagle simulations increases with stellar mass. Here we investigate whether the scatter around this relation correlates with morphology and/or stellar kinematics. At redshift z = 0, galaxies with more rotational support have lower metallicities on average when the stellar mass is below M ≈ 10 10 M . This trend inverts at higher values of M , when prolate galaxies show typically lower metallicity. At increasing redshifts, the trend between rotational support and metallicity becomes weaker at low stellar mass but more pronounced at high stellar mass. We argue that the secondary dependence of metallicity on stellar kinematics is another manifestation of the observed anti-correlation between metallicity and star formation rate at a given stellar mass. We present a simple model based on self-regulation of star formation by supernovae that reproduces the trends seen in the simulation, provided that the feedback efficiency is greater in thin, rotationally supported discs and lower if the gas distribution is more spheroidal. Such a dependence of efficiency on gas morphology is expected, because cooling loses of supernova remnants are reduced in explosions that occur at the lower densities found above or below a disc.
INTRODUCTION
The relation between stellar mass and gas-phase metallicity in galaxies (henceforth the mass-metallicity relation, 'MZR') has been studied extensively in the last decades from both an observational (Lequeux et al. 1979; Tremonti et al. 2004; Lara-López et al. 2010 ) and a theoretical (Calura et al. 2009; Yates et al. 2012; De Rossi et al. 2015; De Rossi et al. 2017hereafter, DR17; Sharma & Theuns 2019 ) point of view. At redshift z ∼ 0, gas metallicity, Z, increases with stellar mass, M , approximately as a power law, Z ∝ M 2/5 * ; the slope of the correlation flattens towards higher masses. This powerlaw trend is also seen at higher redshifts, though possibly with a different slope and normalization (e.g. Troncoso et al. 2014 ).
The scatter along the observed MZR correlates with other properties of galaxies. Ellison et al. (2008) showed E-mail:ljzenocratti@hotmail.com † E-mail:mariaemilia.dr@gmail.com that, at given stellar mass, observed galaxies with smaller half-mass radii or lower specific star formation rates (sSFR) tend to have higher gas metallicty, as quantified by the oxygen abundance, O/H. To account for these observations, Lara-López et al. (2010) and Mannucci et al. (2010) suggested the existence of a three-dimensional relation between M , O/H and star formation rate (SFR) in such a way that systems with higher SFRs tend to have lower O/H at a given value of M . Alternatively, this 3D relation could result from a more fundamental underlying relation between M , O/H and gas fraction (fg), since fg and SFR correlate (e.g. Bothwell et al. 2013 , Lara-López et al. 2013 . Deciding which relation is more fundamental could be helped by examining other correlations. Recent observations suggest that Z tends to be lower in galaxies with a higher concentration, higher Sérsic index, or higher SFR (Wu et al. 2019) , at given value of M . Unfortunately, surprisingly large uncertainties remain in inferring physical relations from the data because different methods yield significantly different answers (e.g. Telford et al. 2016) . In fact, some observational studies do not find that the scatter around the MZR correlates with SFR (e.g. Sánchez et al. 2019) , and some studies claim that the correlation exists but inverts at high M (e.g. Yates et al. 2012) .
In this paper we examine the scatter around the MZR in galaxies from the eagle cosmological hydrodynamical simulations (Schaye et al. 2015) . The 'Evolution and Assembly of GaLaxies and their Environments' (eagle) suite of cosmological hydrodynamical simulations uses sub-grid models calibrated to reproduce a small set of observations at z ≈ 0, as described in Crain et al. (2015) . The simulations then reproduce a relatively extensive set of other observations, including the evolution of the galaxy stellar mass function (Furlong et al. 2015) , of galaxy sizes (Furlong et al. 2017) , of optical (Trayford et al. 2015) and UV and IR luminosities (Camps et al. 2018) . DR17 analysed the secondary metallicity dependences in eagle (including the dependences on SFR, sSFR, fg and stellar age, τ ), obtaining good agreement with observed trends (see also Lara-López et al. 2019) . In particular, DR17 show that eagle galaxies follow remarkably well the observed 'Fundamental Metallicity Relation' introduced by Mannucci et al. (2010) . In addition, Sánchez Almeida & Dalla Vecchia (2018) show that eagle simulations are able to reproduce the observed secondary metallicity dependence on the size of galaxies.
In this Letter, we report new predictions of eagle simulations regarding the connection of the MZR scatter with the internal kinematics and morphology of galaxies. Such trends were not previously reported in MZR studies. In a forthcoming article, we address the origin of these metallicity secondary dependences by analysing the formation histories of different galaxy populations. This Letter is organised as follows. In Section 2, we briefly describe the eagle simulations and the galaxy selection criteria. In Section 3, we analyse the simulated MZR as a function of the morphology and kinematics of the galaxies. We summarise our findings in Section 4.
THE EAGLE SIMULATIONS
A full description of the eagle simulation suite is given by Schaye et al. (2015) . Briefly, the suite was simulated with the gadget-3 incarnation of the treepm-sph code described by Springel (2005) , with sub-grid modules for physics below the resolution scale whose paramaters are calibrated to reproduce the z ≈ 0 galaxy stellar mass function, the relation between galaxy mass and size, and the black hole massstellar mass relation (Crain et al. 2015) . The adopted cosmological parameters are taken from Planck Collaboration (2015): ΩΛ = 0.693, Ωm = 0.307, Ω b = 0.04825, ns = 0.9611, Y = 0.248, and h = 0.677.
eagle consists of simulations with various box sizes and particle masses. Here, we mainly use simulation labelled 'Ref-L100N1504' in Schaye et al. (2015) , which has a comoving extent of L = 100 co-moving megaparsecs (cMpc) and a baryonic particle mass of ∼ 1.2×10 6 M (corresponding to 1504 3 particles). We have verified that the main trends and conclusions presented in this work are consistent with those from the higher-resolution eagle simulation 'Recal-L025N0752', analysed previously by DR17. eagle galaxies are identified using a combination of the 'friends-of-friends' (fof) and subfind (Dolag et al. 2009 ) algorithms. This picks-out 'self-bound' structures of gas, stars and dark matter. Here we analyse the properties of both central galaxies (the dominant galaxies in fof halos) and satellites 1 . Following DR17, we measure baryonic properties within spherical apertures of 30 proper kilo-parsecs (pkpc) and characterize the 'metallicity' of star forming gas by its O/H abundance (eagle tracks 11 abundances, including oxygen and hydrogen). We analyse galaxies with at least 25 star forming gas particles (gas mass at least 5.25 × 10 7 M ) which we found to be a reasonable compromise between numerical resolution and bias. To characterise the stellar morphology and kinematics, we use the fraction of kinetic energy in co-rotation, κco, the disc-to-total stellar mass ration, D/T , the ratio V /σ of stellar rotation to velocity dispersion, the ellipticity, , of the stellar body, and its triaxiality, T . These were computed by Thob et al. (2019) and can be queried in the eagle database 2 (McAlpine et al. 2016; The EAGLE team 2017).
RESULTS

Correlating morphology and metallicity
eagle's z = 0 mass-metallicity relation is plotted in Fig. 1 , with galaxies binned by κco, the fraction of stellar kinetic energy of the galaxy that is invested in ordered rotation. Below M ∼ 10 10 M , dispersion supported galaxies (low κco, orange line) have higher O/H than rotationally supported galaxies (blue line) of the same M . Also striking is that O/H increases with M for rotationally supported galaxies, but is almost independent of M for dispersion supported galaxies. As a consequence, the trend between O/H and κco inverts above M ≈ 10 10 M , with massive dispersion supported galaxies having lower O/H than rotationally supported galaxies of the same mass. We find similar trends in the higher resolution simulation Recal-L025N0752 (inset).
The results of Fig. 1, combined with the findings of DR17 that O/H depends on the SFR, sSFR and the gas fraction, suggest that κco may itself correlate with these other galaxy parameters. We examine this in Fig. 2 . Independent of M , the gas fraction (middle panel) and the specific star formation rate (right panel) both increase with κco, however the increase of fg with κco is most pronounced for the lower M galaxies (blue line), whereas the increase of the sSFR is more evident in the higher M galaxies (purple line). The sSFR is a measure of the rate at which metals are produced, and fg a measure of the reservoir that dilutes those metals. Therefore, a consequence of these trends is that O/H decreases with increasing κco at low M , whereas it increases for high mass galaxies (see left panel); at M ∼ 10 10 M , O/H does not depend on κco. These findings are consistent with the analysis by Correa et al. (2017) of the relation between colour and kinematics of eagle galaxies.
How these correlations arise is analysed in more detail 3 in Fig. 3 . At low stellar mass, M < 10 10 M , galaxies typically have low κco, but there is a tail of galaxies with high κco and low O/H: it is this tail that generates the anticorrelation between κco and O/H in Fig. 2 . These outliers are also gas rich and have unusually high stellar ellipticities, , and low triaxiality parameter T . At high M > 10 10 M , galaxies have usually a high value of κco, but now there is a tail of galaxies with low κco and high T -these typically are also more massive and have low O/H. At intermediate masses, M ∼ 10 10 M , there is relatively little variation in κco or . Calura et al. (2009) analysed the MZR of galaxies using 'chemical evolution' models. They did not find a clear dependence of O/H on morphology at a given mass and z, which might be a consequence of the different assumptions made in their models. For example, they assume that galaxies retain the same morphology throughout their evolution and they neglect mergers. This is definitely not what happens in the eagle simulations, in which galaxies change morphology often as a consequence of mergers, and where discs may re-grow due to accretion (Trayford et al. 2019) .
Is there a simple model that encapsulates the trends we find in eagle? Sharma & Theuns (2019) propose a model of . Curves representing galaxies with rotational support below the median at the given z are plotted in thick orange, those with higher κco are plotted in thin blue.
self-regulated galaxy formation, in which the star formation rate, stellar mass, gas mass and metallicity depend on halo mass, cosmological accretion rate and redshift, but regulated by feedback. In their 'Iκ α' model, the main astrophysical parameter is a dimensionless measure of the efficiency of stellar feedback: when is large, feedback is efficient and the star formation rate is low. On the other hand, when is small, feedback is inefficient and the star formation rate is high. This leads to the following scaling for the metallicity, Z, and gas fraction, fg, with stellar mass and feedback efficiency :
where n ≈ 1.4 is the slope of the Kennicutt-Schmidt star formation law. These relations show that when feedback is efficient (meaning is large, ≈ 1), Z is low and fg is high, whereas on the other hand, inefficient feedback ( 1) implies Z is high and fg low. We can connect this to the morphology of the galaxy by speculating that feedback in a thin disc -corresponding to a galaxy with high κco -is more efficient than when κco is low (a more spheroidal gas distribution). High-resolution simulations that resolve individual supernova energy injections in gas columns suggest this type of relation between feedback efficiency and disc morphology. For example, the simulations by Creasey et al. (2013) show that supernova explosions that occur above or below the disc are more efficient at driving winds, because cooling loses are suppressed when the explosion occurs at the lower densities that prevail there (see also Girichidis et al. 2016) .
Evolution of the metallicity relations
We plot the MZR relation at different redshifts in Fig. 4 . At a given z, the sample of simulated galaxies is separated in two sub-samples, using the median value of κco (κco) at that z. Note that the value ofκco tends to decrease with increasing z: dispersion-supported galaxies increasingly dominate at higher z. As expected, the normalization of the MZR decreases with z, with such evolution being independent of κco at M ∼ 10 10 M . As we also noticed at z = 0, there is a clear increase of O/H with M for galaxies with high κco, but this trend is mostly absent for the low κco galaxies. At the low-mass end (M < ∼ 10 10 M ), the secondary dependence of O/H on κco tends to vanish as z increases, due mainly to an increase of the MZR slope for systems with κco <κco at z < ∼ 1. On the other hand, at high masses (M > ∼ 10 10 M ), the secondary dependence of O/H on κco tends to be stronger at higher z, which, in this case, is caused by an increase of the MZR slope for systems with κco >κco at z > ∼ 2. Similar evolutionary trends are obtained if using other morpho-kinematical indicators.
CONCLUSIONS
We analysed the stellar mass-gas metallicity relation (MZR) as function of morpho-kinematical parameters in the eagle cosmological hydrodynamical simulations. At z = 0, we found new secondary dependences of metallicity on the internal kinematics and morphology of galaxies. At low masses (M < ∼ 10 10 M ), higher metallicities are found for galaxies with more spheroidal morphologies and with lower rotational support.
We proposed a simple model based on Sharma & Theuns (2019) , in which these trends are related to the efficiency of stellar feedback: when the gas is in a thin, rotationally supported disc, feedback may be more efficient, which results in lower O/H and a higher gas fraction. The trends in more massive galaxies are generally less strong, with lower metallicities found in more prolate galaxies with lower levels of rotational support. These trends are consistent with the secondary dependences of O/H (at a fixed mass) on gas fraction, star formation rate and stellar age, and the relation between the latter quantities with galaxy morpho-kinematics (see DR17).
At higher redshifts, the secondary O/H dependence on morpho-kinematics becomes weaker for less massive galaxies, which seems to be a consequence of the steepening of the MZR associated with systems with lower rotational support. On the other hand, for more massive galaxies, the secondary O/H dependence on morpho-kinematics becomes stronger with z as a consequence of the steepening of the MZR associated with systems with higher rotational support.
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